Introduction
A solid oxide fuel cell ͑SOFC͒ is an energy conversion device that converts chemical energy to electricity with high efficiency, but significant technological and economic hurdles must be overcome before it finds widespread acceptance. Some of the immediate challenges include durable designs that can withstand high operating temperatures ͑up to 1100 K͒ and increasing the power density of the SOFC via microstructure optimization. Mathematical modeling can play a very useful role in predicting SOFC performance under a wide range of operating conditions via a deeper understanding of the underlying transport phenomena that drive its operation. Because of the intimate coupling between mass transport, heat transport, charge transport, and electrochemical reactions inside the SOFC and because of the complex porous geometry, modeling transport processes in a SOFC is not an easy task even if detailed geometric information about the pore structure is available. With increasing computational power and recent advances in nondestructive, high-resolution imaging technology, it has now become possible to directly probe the effects of electrode geometry on the transport phenomena. This paper explores the potential of using the lattice Boltzmann method ͑LBM͒ to model the 3D mass transport in a SOFC anode.
The majority of SOFC models are developed at the macroscale and approximate the electrode microstructure by parameters like the porosity and tortuosity and adopt a system level approach to predict the SOFC performance. While this is useful, it does not permit a deeper understanding of the influence of electrode geometry at the microscale. The electrode microstructure is quite complex and, until recently, it has been very difficult to reconstruct the porous 3D geometry and use it as input for SOFC transport models. In this work, the anode microstructure geometry is first modeled using a set of packed spheres. This simplified model geometry is then compared with an actual SOFC anode geometry reconstructed using high spatial resolution ͑42.7 nm͒ X-ray computed tomography ͑XCT͒. Both the simplified sphere packing model geometry and the actual electrode geometry obtained via XCT are then used as inputs for the LBM mass transport model. This paper is organized as follows. Section 2 describes the problem statement with the boundary conditions and governing parameters pertinent to this study. This is followed by Sec. 3, which describes image processing for obtaining geometry files, the calculation of effective diffusivity using the Laplace equation, an outline of the LBM for mass transport calculations and the expressions for calculating the concentration polarization. Results obtained for the sphere packing model geometry and XCT geometry are discussed in Sec. 4, followed by the main conclusions emerging from this study in Sec. 5.
Problem Statement
The 3D model of the porous SOFC anode, constructed using spherical packing, is shown schematically in Fig. 1 . It is assumed that the total concentration and mole fractions of H 2 , H 2 O, and N 2 are known at the gas channel ͑x =0͒ and the molar fluxes of H 2 and H 2 O are known in the region of the triple phase boundary ͑TPB͒ near the anode/electrolyte interface, which are typically associated with the electrochemical oxidation reaction. For simplicity, the TPB region is treated like an infinitely thin boundary in this study, located at x = L, and the equal and opposite H 2 and H 2 O fluxes are determined using Faraday's law based on the current draw by an external load. Periodic boundary conditions are used along y and z. The solid obstacles are impermeable, and zero normal concentration gradient boundary conditions are applied at the obstacle surfaces for all species. The goal of the mass transport model is to obtain the steady-state mole fraction distributions of H 2 , H 2 O, and N 2 ͑inert gas͒ throughout the porous anode and use this information to calculate the concentration polarization in the SOFC. It should be noted that the focus of this work is modeling multicomponent mass transport through the anode pore space. Simultaneous modeling of electron transport through the electrically conducting Ni phase and ion transport through the yttria-stabilized zirconial ͑YSZ͒ phase of the anode structure is important but beyond the scope of this work.
The dimensionless parameters that govern mass transport are now described. The current density i drawn by the SOFC is obtained using
In Eq. ͑1͒, i is the current density ͑A m −2 ͒, F is Faraday's constant, and J is the H 2 mole flux ͑mol m −2 s −1 ͒. The current is non-dimensionalized using J ‫ء‬ = iL / ͑2FC T D 13 ͒ and this leads to the definition of what we call the non-dimensional current density J ‫ء‬ given by ‫ء‬ can also be interpreted as the change in H 2 mole fraction from the gas channel to the TPB region if the only other gas present is N 2 and if there are no obstacles in the domain. Because only a fraction of the anode's area associated with the TPB region at the anode/electrolyte interface corresponds to pores, an area correction needs to be taken into account while calculating the dimensionless current density. The following approach is adopted in our calculations. First, the total current is calculated by taking the product of the specified current density and the pore area. The total current obtained is then divided by the total area of the domain to obtain the actual dimensionless current density. Because there are three species, the actual mole fraction change is also dependent on the mutual diffusivities and the amount of inert gas ͑N 2 ͒ present in the mixture.
Methodology
The geometry data file required as an input to the mass transport model is basically a 3D binary array where each element is either a solid ͑0͒ or a pore ͑1͒. This array is shown schematically in Fig. 2 for a single 2D slice of the 3D spherical packing geometry. The spherical packing model geometry is useful for studying the effect of porosity, but the actual SOFC microstructure is also used as geometry input. We have found that XCT can be a very useful, nondestructive technique to obtain detailed geometry information about the microstructure with a resolution of up to 42.7 nm. Typical pore sizes in the SOFC anode are of the order of 0.1-1 m, and XCT can therefore reveal the exact location of solid phase and pore space in the porous anode. The details of the XCT procedure used in our work were reported elsewhere ͓1͔. Here, it is sufficient to note that reconstructed 3D data from the XCT reconstruction can be easily converted to binary form ͑as in Fig. 2͒ and be used as input to the LBM. An example of the reconstructed geometry is shown in Fig. 3 , where the dark sections represent a cut through the solid material and bright regions represent the pores. Reconstruction of the 3D XCT data is performed slice by slice using IMAGEJ.
2 Because the original XCT data is 8 bit grayscale ͑256 levels͒, a threshold value is selected in order to convert this data to binary format such that regions below the threshold are solid ͑0͒ and those above the threshold are pore ͑1͒. This threshold value needs to be selected based on an independent estimate of the sample porosity. In our case, this estimate is obtained using mercury intrusion porosimetry ͑MIP͒. The typical porosity value for SOFC anode samples obtained using MIP is 30%.
3.1 Calculation of the Porosity-Tortuosity Factor ⌿. In this section, the method of calculating the porosity-tortuosity factor for a complex 3D geometry using the 3D Laplace equation is reviewed. Transport via diffusion through a homogenous material is usually described by a relationship of the form 2 http://rsb.info.nih.gov/ij/. 
͑3͒
In Eq. ͑3͒, J is the flux and ٌ is the gradient of a certain quantity like temperature ͑heat conduction͒ or concentration ͑mass diffusion͒. The diffusivity D is a property that describes the ability of the material to transport the quantity of interest. In the absence of sources and sinks, the distribution of inside the material is governed by the Laplace equation, Eq. ͑4͒.
In a porous medium, the pore phase allows mass transport to take place, as per Eq. ͑3͒, while the solid phase completely blocks mass transport. The porosity-tortuosity factor ⌿ ͑0 Յ⌿Յ1͒ of a porous medium is defined as a dimensionless factor by which the actual diffusivity D is reduced because of the presence of the solid phase. Thus, the effective diffusivity D eff is obtained via the relation
In Eqs. ͑3͒-͑5͒ and in the development that follows, it is assumed that the diffusivity is a constant that is independent of gas partial pressures ͑mass diffusion͒ or temperature ͑heat conduction͒. The mass diffusion simulations reported in this work in Sec. 4 are all at constant temperature. A representative volume element of a porous medium is shown in Fig. 4 . In this work, this could be the spherical packing geometry model or the XCT reconstructed geometry. It is assumed that =1 at x = 0 and =0 at x = L. The solid phase is perfectly impervious to transport and thus ٌ = 0 normal to the solid surface. With these boundary conditions, Laplace's equation ͑Eq. ͑4͒͒ is solved numerically using the Gauss-Seidel iterative procedure to obtain a distribution of within the pore phase. After this distribution was obtained, the total flow of through the pore phase is evaluated by calculating and integrating the x-component of the gradient ٌ over the inlet ͑or the outlet͒ pore area as shown in Eq. ͑6͒, and then set equal to an idealized one-dimensional ͑1D͒ case where the actual diffusivity is replaced with an effective diffusivity and the gradient is replaced by −1 / L, which is assumed to be constant over the entire area A.
Equation ͑6͒ can be used to calculate the ratio D eff / D, as shown in Eq. ͑7͒.
Using Eqs. ͑6͒ and ͑7͒, the value of ⌿ is calculated for the 3D sphere packing geometry, XCT geometry ͑3D͒, and also for our previous 2D geometry ͓2͔. The effective diffusivity calculated via the Laplace equation can be used in simplified, 1D models to predict average properties. This calculation serves as a useful check for the more time-intensive and detailed lattice Boltzmann calculation.
3.2 LBM. The LBM ͓3͔ is then used to model multicomponent diffusion through the pore space. The LBM is chosen to model mass transport in the SOFC anode because it can account for multiple species, complex geometries, and noncontinuum transport phenomena. The ability of the LBM to model diffusion in the noncontinuum regime ͓4͔ is important because the molecular mean free path of the diffusing gas molecules is of the same order as the pore size distribution ͑0.1-1 m ͓1͔͒, leading to Knudsen numbers of order unity or larger. We have recently used the LBM to model 2D mass transport in a SOFC anode ͓2͔, and our previous LBM methodology ͓5͔ was extended to 3D for this work. Because the LBM was discussed in detail in these publications, the algorithm details are not repeated here. Only the main features of the model and its extension to 3D are highlighted. The LBM is essentially a time-evolution scheme for the particle distribution function ͑PDF͒ for different species i ͑i =1, 2, and 3 for H 2 , H 2 O, and N 2 , respectively͒ along 19 discrete directions e ␣ i , where ␣ =0,1,2, . . . ,18 at each lattice point x, denoted by f ␣ i . The PDF for each species along a specific direction is proportional to the number of molecules of that species present at that location and moving along that specified direction. The LBM algorithm consists of two basic steps: streaming and collision. In the streaming step, particles at each lattice point stream to neighboring lattice points. In the collision step, particles arriving at a lattice point interact with other particles ͑of the same or different species͒ arriving at that point, and new distributions are then computed using collision rules. The streaming and collision steps are combined to form the so-called lattice Boltzmann equation given by
In Eq. ͑8͒, t denotes the time and ⍀ ␣ i represents the collision term. The D3Q19 velocity model ͓6͔ was adopted in this work, and the derivations and equations from the 2D LBM model ͓5͔ were suitably extended. The species' density and velocity are obtained by taking moments of the PDF. Because species have different molecular weights, the H 2 O and N 2 base velocities e ␣ are smaller than those for H 2 . Interpolation is used to obtain the streamed values of the PDFs for H 2 O and N 2 on lattice points as per the different lattice speed ͑DLS͒ scheme ͓7͔. These interpolations are similar to the 2D model but occur simultaneously at each lattice point in three mutually perpendicular planes. The bounce-back rule is used to model solid obstructions. In addition to the bounceback rule, the species' density at the solid interface is streamed back along the local normal from the pore or fluid region to impose a zero concentration gradient condition. The concentration and flux boundary conditions at x = 0 and x = L, respectively, were adapted to the D3Q19 model. The solution procedure begins with the specification of an initial density and velocity distribution for all species and is continued until a steady-state solution is The LBM is implemented in parallel using MPI libraries within FORTRAN on an SGI ALTIX 3700 with a configured memory of 64 Gbytes and having 64 processors. The 3D geometry is partitioned into horizontal slabs, and computations within each slab are performed by different processors. An example of the partitioning scheme using four processors is shown in Fig. 5͑a͒ . A typical speed up plot for the calculations is shown in Fig. 5͑b͒ . It is observed that the LBM scales almost linearly up to 40 processors. Beyond this point, the time spent in communicating information between different processors reduces performance. Based on this 1D domain decomposition pattern ͑Fig. 5͑a͒͒, typical run-times for an 81ϫ 81ϫ 81 lattice using eight processors are about 5 days. Work is in progress for further optimizing the code so that it can achieve better run-times and better scaling performance.
Calculation of Concentration
Polarization. LBM results for the species mole fraction distributions are used to calculate concentration polarization as described in our previous work ͓2͔, and the calculation procedure is briefly outlined here for convenience. The voltage developed is obtained using the Nernst equation, Eq. ͑9͒.
In Eq. ͑9͒, E 0 is the electromotive force ͑EMF͒ at standard pressure and R is the gas constant. Diffusion through the cathode is not modeled, and the partial pressure of O 2 at the cathode TPB is assumed to be 21% ͑air breathing cathode͒. The concentration polarization ͑⌬V conc ͒ is the loss of voltage due to the drop in fuel ͑H 2 ͒ concentration across the anode from the gas channel x =0 to the TPB x = L and is calculated using
In Eq. ͑10͒, E gas channel is evaluated using H 2 and H 2 O mole fractions of 0.47 and 0.03, respectively, while E TPB is evaluated based on the average H 2 and H 2 O mole fractions obtained at the TPB ͑x = L͒ from the LBM model. Note that although the inert gas ͑N 2 ͒ does not explicitly appear in Eq. ͑10͒, it influences the diffusion of H 2 and H 2 O through the pores and thus has an impact on concentration polarization.
Results and Discussion
Before discussing the results, it is useful to have a brief discussion about connectivity. The connectivity is defined as the volume fraction of pore space that provides a contiguous pathway from the gas channel to the TPB. For the XCT geometry, this was 98% by volume. The remaining portion of the pore space ͑2% by volume͒ consists of isolated and dead-end pores that play no role in mass transport. Because dead-end pores connected to the TPB can cause numerical problems in the LBM due to the specified flux boundary condition, both isolated and dead-end pore spaces are treated as solid phase for the purpose of mass transport calculations. Even when the pore space is connected, local constrictions can significantly increase resistance to mass transport. These types of conditions can be easily identified in the present model.
Calculation of Porosity-Tortuosity Factors.
Prior to using the 3D geometry for LBM calculations, it was analyzed in order to calculate the effective diffusivity. Calculations were performed for 40 representative spherical packing geometries with porosity values ranging from 10% to 60% and for the XCT geometry having a porosity of 30%. Figure 6 indicates the variation in the dimensionless ratio ⌿͑=D eff / D͒ as a function of porosity. Calculation of ⌿ is useful for simplified cell-level models ͓8͔, and Fig. 6 indicates that ⌿ can be obtained exactly once geometry information is provided. The typical porosity of SOFC anodes varies from 20% to 45%. Based on this range, it was found that ⌿ varies from 0.05 to 0.25 for the 3D sphere packing model. It can be seen from Fig. 6 that the ⌿ value for the reconstructed SOFC anode geometry from XCT at 30% porosity is close to that obtained using the spherical packing model. Additionally, calculations are performed for our prior 2D model, and reasonable agreement is found between the 2D and 3D models. It is interesting to Fig. 6 Comparison of the porosity-tortuosity factors ⌿ for sphere packing structures and a real SOFC structure obtained using XCT note that although the effective diffusivity calculations are strictly valid only for binary diffusion, these values can still be used for the three species diffusion problem. Preliminary results using COMSOL indicate that the flux streamlines are identical for binary diffusion ͑counterdiffusing H 2 and H 2 O only͒ and ternary diffusion ͑counterdiffusing H 2 and H 2 O in the presence of inert N 2 ͒. One of the purposes of calculating the effective diffusivity is to use it in the 1D, three component Stefan-Maxwell model to predict the average species mole fractions of H 2 , H 2 O, and N 2 at the TPB for a given geometry. These estimates are then compared with more detailed LBM predictions using the same geometry.
Three Species Mass Diffusion Through a Cylindrical
Tube. As a preliminary step in simulating diffusion through more complex geometries, the 3D LBM model is first used to model transport of H 2 ͑species 1͒, H 2 O ͑species 2͒, and N 2 ͑species 3͒ through a cylindrical tube parallel to the x-axis ͑Fig. 7͒. Because results show that transport is 1D, solutions for the mole fraction variation in all species can be obtained and validated using the Stefan-Maxwell equations ͓5͔. Calculations are performed for a temperature of 1073 K and pressure of 1 atm, which are typical operating conditions for a SOFC. The parameters used correspond to diffusion in a SOFC at these operating conditions and are given by L = 0. these parameters are in the so-called lattice units, which is a simplified but self-consistent system of units often used during LBM calculations. In fact, careful selection of these lattice parameters is often necessary to avoid numerical instabilities in the LBM. Parameters in lattice units can be combined to form dimensionless numbers, just like parameters in physical units and thus we obtain J ‫ء‬ = 0.48 in the LBM. The comparison between the LBM prediction and the Stefan-Maxwell result is shown in Fig. 7 , and it can be seen that there is excellent agreement between the two. The errors in mole balance for H 2 and H 2 O were less than 3%. The mole fraction variation in Fig. 7 is along the axis of the cylinder, but extremely minor variation was detected across the tube cross section. The LBM results confirm that mass transport through a cylindrical tube is purely one dimensional.
Multicomponent Mass Diffusion in a SOFC Anode.
Once the LBM is validated, it is used to study mass transport in the SOFC anode model. Both the spherical packing geometry and XCT geometry are considered for analysis. Because of limitations in computing time and the number of processors available, the highest grid size used in 3D LBM simulations was 81 3 . Thus, only a subset of the available 150 3 XCT data was used in the LBM simulations. Based on the porosity of the XCT geometry, the porosity for all cases discussed below is fixed at 30%. The sphere packing geometry is intentionally designed such that the structure is periodic along y and z. The XCT geometry is not periodic and because of this, the four faces of the domain parallel to the x axis were coated with a thin solid layer in order to continue using the LBM code developed for periodic boundary conditions. This is acceptable because the diffusion is predominantly along the x axis.
Typical LBM results for mole fraction distributions are shown in Fig. 8 for a spherical packing geometry for J ‫ء‬ = 0.041, which represents SOFC operation at moderate current densities. As expected, the H 2 mole fraction reduces with x ‫ء‬ as H 2 is consumed at the TPB, and H 2 O mole fraction increases with x ‫ء‬ as H 2 O is generated at the TPB and diffuses toward the gas side. It can be seen from Fig. 8͑a͒ that the H 2 and H 2 O mole fraction distribution varies in a complex manner through the pore space. In order to try and quantify this variation, Fig. 8͑b͒ shows the variation in the H 2 mole fraction within 11 parallel planes within the 3D geometry including the gas side ͑x ‫ء‬ =0͒ and the TPB ͑x ‫ء‬ =1͒. The points in Fig. 8͑b͒ represent the average H 2 mole fraction ͑averaged over the pore space͒ in that particular plane, and the bars represent the maximum and minimum H 2 mole fractions in that plane. The height of the bars thus represents the maximum in-plane variation. It can be seen from Fig. 8͑b͒ that for the major part of the anode thickness, this in-plane variation is not very significant. However, as one proceeds closer to the TPB, the variation increases in magnitude. At the TPB, the minimum H 2 mole fraction is substantially lower than the average value. Because the mole flux is the same at all TPB locations in the current model, these locations of low H 2 concentrations correspond to pores that have a large resistance to mass transport due to local constrictions or longer, tortuous paths. In Fig. 8͑b͒ , the average H 2 mole fraction ͑over the pore space͒ at the TPB is 0.29.
Similarly, Fig. 9 shows the mole fraction variation in an actual SOFC anode ͑XCT geometry, J ‫ء‬ = 0.013, which represents SOFC operation at low current densities͒. As before, the H 2 mole fraction reduces from the gas side to the TPB, while the H 2 O mole fraction shows the opposite trend. Figure 9͑a͒ provides a flavor of the detailed information that the LBM can provide about species concentration variation in the SOFC. The effect of the pore geometry on the concentration distribution can thus be investigated on a completely new level compared with macroscopic transport models. The in-plane variation in the H 2 mole fraction for the XCT geometry is indicated in Fig. 9͑b͒ . It is observed that this variation is minimum at x ‫ء‬ = 0, where a constant mole fraction of 0.47 is specified and maximum near the TPB, where a constant flux is specified. The average H 2 mole fraction ͑over the pore space at the TPB͒ is 0.36. A larger J ‫ء‬ corresponds to a higher current density and thus a lower H 2 mole fraction at the TPB. This trend can be observed by comparing Fig. 8͑b͒ and Fig. 9͑b͒ , which correspond to J ‫ء‬ = 0.041 and J ‫ء‬ = 0.013, respectively. For the same dimensionless current density ͑J ‫ء‬ = 0.013͒, the spherical packing model predicts that the average mole fraction of H 2 at the TPB is 0.40, while the XCT geometry predicts a value of 0.36 ͑as shown in Fig. 9͑b͒͒ , which is comparable but not exactly the same. Since the geometry for a given porosity value is not unique in the sphere packing model, a large number of 3D runs are required to obtain a set of ensemble-averaged mole fraction values. For the same set of parameters ͑porosity= 30%, J ‫ء‬ = 0.013͒, our previous 2D SOFC model ͓2͔ predicts an average mole fraction of H 2 of ϳ0.38 at the TPB, confirming the consistency between our 2D and 3D model predictions.
From examining the results, we notice that the average mole fraction values at the TPB, obtained using the 3D LBM, are comparable to the mole fraction values obtained by solving the 3D Laplace equation in the pore space, calculating the effective diffusivity ͑Fig. 4͒ and using the effective diffusivity in a 1D StefanMaxwell model. This provides an additional consistency check between the simplified 1D models and the 3D LBM. A cause for concern in the 3D LBM model is the occasional lack of mole conservation for mass transport through a complex geometry. For the 81ϫ 81ϫ 81 XCT geometry, the mole balance errors for H 2 and H 2 O are almost 50%. The errors are significantly smaller ͑less than 8%͒ for the sphere packing model using the same grid size. These errors may arise because of the presence of geometric pathologies in the data or because of insufficient lattice resolution. Typically, there should be at least four to five lattice points in the smallest pore within the domain, and the lattice size required to achieve this is approximately 400ϫ 400ϫ 400. This resolution is beyond the reach of our currently available computational resources. Increased lattice size will enable a larger representative volume of the XCT data or increased lattice resolution in the current XCT data to be used in the LBM calculations, leading to better accuracy.
Calculation of Concentration Polarization.
Based on the mole fractions of H 2 and H 2 O at the gas channel ͑0.47 and 0.03, respectively͒ and at the TPB ͑obtained from LBM results͒, the concentration polarization at the TPB is estimated using Eq. ͑10͒. Because the mole fractions of H 2 and H 2 O vary along the triple phase boundary surface, average values are used to calculate concentration polarization. Because the XCT geometry leads to errors in mole balance, concentration polarization is calculated based on LBM results for the spherical packing geometry. Figure  10 compares the predictions from the current 3D LBM model, our previous 2D model ͓2͔, and other results from the literature ͓9,10͔. It is seen that the 3D LBM model results compare very well with prior numerical models. Additional data points at higher J ‫ء‬ values for the 3D LBM model are not obtained because of problems related to H 2 starvation. As shown in Figs. 8͑b͒ and 9͑b͒, the H 2 mole fraction shows a large variation near the TPB, and the mole fraction can approach zero at some pores near the TPB. Because of the constant flux boundary condition at the TPB, the current LBM model is not stable at large J ‫ء‬ when local H 2 mole fraction at the TPB approaches zero. This problem will be solved once the electrochemical reactions are incorporated into the TPB flux boundary condition ͓11͔. Finally, the LBM predicts that if the inert gas ͑N 2 ͒ concentration at the gas side is reduced ͑and H 2 concentration is increased͒, the concentration polarization for the same J ‫ء‬ is smaller. This indicates that both H 2 and H 2 O diffuse more easily through the pores when the concentration of the comparatively heavier molecular weight N 2 is lower, leading to smaller concentration drops across the anode thickness for H 2 and H 2 O. This finding is consistent with an earlier study that examined the effect of fuel diluent on concentration polarization ͓12͔.
Conclusions
A 3D LBM model was developed to model multicomponent mass transfer through porous materials. Based on recent developments in XCT technology, it is now possible to reconstruct the pore structure of a SOFC anode in a nondestructive manner at sub-50 nm resolution, clearly identifying solid and pore phases. The reconstructed image data were used as input to the LBM model to simulate mass transport of three species ͑H 2 , H 2 O, and N 2 ͒ through the pores along the anode thickness. Mass transport results, generated using the XCT geometry, were compared with results from simpler geometries generated using a spherical packing model and show reasonable agreement. The model was validated using results from the literature and, in particular, agrees reasonably well with our previous 2D model and with simplified 1D models that use effective diffusivity values. This issue of mole balance in the 3D LBM model highlights the need for a much larger lattice resolution than the one used in this work. The 3D mass transport model developed in this work is part of a series of integrated transport models that can eventually be used for geometry optimization of the SOFC electrodes. Recommendations for future work include coupling the TPB flux with the species mole fractions via an electrochemical model, developing a technique to nondestructively identify the Ni and YSZ material within the 3D solid phase, and modeling charge transfer ͑electron and ion͒ through the solid phase. Precise identification of the TPB to prescribe flux conditions will lead to more accurate predictions of SOFC performance. 
